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A new approach towards the composite structure of quarks and leptons in the context of the higher dimen-
sional unified theories is proposed. Because of certain strong dynamics much like ordinary QCD, every
possible vectorlike set of composites appears in higher dimensional bulk space-time. However, through a
proper Sherk-Schwarz compactification only chiral multiplets of composite quarks and leptons survive as the
massless states in four dimensions. In this scenario restrictions related to 't Hooft's anomaly matching condi-
tion turn out to be avoided and, as a result, the composite models look rather simple and economical. We
demonstrate our approach by an explicit construction of a model of preons and their composites unified in the
supersymmetriSU(5) GUT in five space-time dimensions. The model predicts precisely three families of
composite quarks and leptons being the triplets of the chiral horizontal symB8¥(8),, which automatically
appears in the composite spectrum when going to ordinary four dimensions.
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[. INTRODUCTION many exotic composite states apart the ordinary quarks and
leptons.

The observed replication of quark-lepton families and the Supersymmetric preon modef4,5] follow a somewhat
hierarchy of their masses and mixings are one of the majodifferent pattern of the anomaly matching condition since in
puzzles of modern particle physics. In this respect it is conthis case the physical composites quarks and leptons, appear
ceivable to think that quark and lepton spectroscopy finds itess both the three-fermioffbaryons”) and scalar-fermion
ultimate explanation in terms of the subfermiofeons  (“mesons”) bound states. More interestingly these models
and their interactions in analogy with an explanation of had-may provide a new dynamical alternative for obtaining light
ronic spectroscopy in the framework of the quark model.composite fermions which emerge @giasi)Goldstone fer-
However a direct realization of this program seems to meefions[4] when the starting global symmet& of the super-
with some serious difficulties. Among the problems that have?otential is spontaneously broken down to some lower sym-
appeared the basic one is, of course, that related to the dVJetryH. In recenF years there has been a renewal of interest
namics responsible for the production of composite quark&) Supersymmetric preon modef§] based on a powerful
and leptons whose masses turned out to be in fact much technlque developed W!thln strongly interactiNg=1 super-
less than a compositeness scalewhich must be located at symmetric gauge theori¢6]. However, despite these attrac-

least in a few TeV region to conform with observatidig, tive features of supersymmetric theories the supersymmetric

Indeed, if, as usual, one considers the underlying preorc]omposne models generally suffer from the same drawbacks

: L as the more traditional nonsupersymmetric ones.
theory_to be QCD like, then one inevitably comes to the In this paper we suggest a new approach towards the com-
vectorlike bound state spectra where most naturatly

Lt | posite structure of quarks and leptons, proposing the pres-
~Ac. To overcome this difficulty one has to require the gnce of extra space-time dimensions at small distances com-
presence of some chiral symmetry which is respected by thﬁarable or a bit larger than the radius of compositer@ss,

strong preon dynamics and makes quark and lepton bound 1A .t is well known that the compactification of extra
states massless. As 't Hooft first arguig] such a chiral  gpace-time dimension@epending on the details of dimen-
symmetry in order to be preserved in the spectrum of masssional reduction has appeared to be successful in obtaining
less composite fermions must yield the same chiral anomaealistic four-dimensional models where supersymmetry
lies as those appearing in the underlying preon theory. Howf7—9], gauge symmetrj10,11], and certain discrete symme-
ever, this anomaly matching condition has turned out to beries such a® and CP [12] are broken in an intrinsically
too restrictive to drive at the physically interesting self- geometric way. Following this line of argument, we find that
consistent models. As a result most existing moddls5] due to a certain Scherk-Schwarz compactificati@h the

are rather complex and controversial and often contain toeomposite quarks and leptons turn out to be massless in four
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dimensions while all unwanted stat@esiding in the bulk V(X" x4+ 27Re , 6, 6)
are massive. In this way the restrictions related with the ’ Y
original 't Hooft anomaly matching condition can be =V(x™ x4 e T+ ) g @~ im(An+ane) g

avoided. Thereby the physical composite models look rather
simple and economical as we will show here by a few ex-
amples of the elementary preons and their composites unified

in the SU(5) supersymmetrySUSY) grand unified theory )
(GUT) initially appearing in five space-time dimensions thereqH andqyc are ther charges of the superfieldsand
(5D). H¢, respectively. As a result of to the periodicity conditions

(2), the component fields are Fourier expanded as

O(x™ x*+27Re, ) =D(x™ x4, e HFadI gy (2)

Il. SUPERSYMMETRY IN 5D AND SCHERK-SCHWARZ %
COMPACTIFICATION hl(Xm,X4): 2 eXF[iXA'(rH-qH)/RC]hl(”)(Xm),
Before turning to the construction of composite models let e
us recall some aspects of the=1 5D supersymmetry and

Scherk-Schwarz compactification which are relevant to our
subsequent discussion. Consider in 5D e 1 supersym-

oo

h2(x™ xH)= >, exgix*(n+qgyc)/Rc1h2™(x™),

metric gauge theory with a local symmetry groGpunder "

which the matter fields transform according to one of its -

irreducible representatiorR. The N=1 supersymmetric m o4y - a qQH— dne
Yang-Mills supermultiplety=(AM, \', 3, X?) in 5D con- Ya(X7x )_n;m ex;{lx n+t—> )/ Re
tains a vector fieldAM=AMaTe g real scalar fieldS

=3°T® and two gauginos'=\'*T¢, which form a doublet Xy (x™),

under theR-symmetry groupSU(2)g and auxiliary fields

X&=X29T% peing a triplet ofSU(2)g (hereM=0,1,2,3,4 are * dn— Qe
space-time indices;=1,2 anda=1,2,3 areSU(2)g-doublet ¢//2(xm,x4)=n2m ex;{lx“ n— T) / Rc

and SU(2)g-triplet indices, respectivelyy runs over theG
group index values an@“ are the generators @& algebra. > w(zn)(xm)’
These fields are combined into tiNe=1 4D vector super-
multiplet V=(A™, 11, X3) (m=0,1,2,3) and a chiral super-

multiplet ® = (= +iA%, N?, X*+iX?). The matter fields are I af . OutOpe
collected in the hypermultiplet(=(h', ¥, F') which con- MOMx= X exgixt n-—— Re
tains the scalar fieldd' being a doublet ofSU(2)g, the .
Dirac fermionW = (4, , ¢4 )T being theSU(2)k singlet, and XN (x™),
also theSU(2)r doublet of auxiliary fieldsF'. All these
fields form twoN=1 4D chiral multipletsH = (h', ,, F1) ” _ Oy + Aue
andH¢=(h?, 4,, F?), transforming according to the repre- ’\2(me><4)=n=§;oo ex 'X4(”+ — Rc
sentationsR and antiR of gauge groupG, respectively. The
5D supersymmetric ands-symmetric action then can be X N2 (x™)
written as(see, e.g9.[13])
- n
4= ix4— | Am(m
szf d5xf d*0[H%eVH T+ He"H] AT(X™,x )—n;w exp| i RC>Am”(xm),
+f d5xf &0 HY| d— =@ |H+hel. (@) (X HIAH T XY
\/E ]
n
= expg ix*=|(S+iAHM(x™. (3
The above theory(l) is in fact vectorlike and, hence, n:Zw Rc)(E ) @

anomaly free.

~ Now let us compactify the extra fifth dimensiofi on @ et us note now that all the fields with the nontrivied
circle of radiusRc . Aside from the trivial(periodig bound-  charges necessarily turn out to be massive when reducing the
ary conditions under the 2R¢ translation of extra dimen-  theory from 5D to 4D. Particularly zero modes of all fermi-
sion one can impose on the 5D fields the following nontrivialgnic fields in Eqgs(3) and those of the scalané andh? have

[U(1)-twisted conditions: the masses)/Rc whereq are the corresponding charges
) while the zero modes of the gauge fieldS' and adjoint
H(X™x*+27Rc, 6) =exp(i2may)H(X",x*, e "W 4I6) geajar §+iA%) are massless. Nevetheless, the latter picks
up mass of the order of 1/R. radiatively since supersym-
HS(xM x*+ 27R¢, 8) = exp(i 2rquc) H(x™ x4, e "1 g)  metry is broken by the above Scherk-Schwarz compactifica-
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tion so that in general only gauge fieldd" are left to be at low energies such as three colors two weak isospin com-
massless. However, if the charges of the superfieldéand  ponentdbeing unified within thesU(5)], and thegeneration

H¢ are equal ¢y=qyc), then as one can easily see from numbers as well.

Egs.(3) the zero modes aof;; and ¢, happen to be massless  Within the framework described above the minimal pos-
as well. Note also that for composite operators containing thsible hypercolor group iSU(3)yc which admits a single
above superfields the charge assignment and thus the spec{Ny=1) “generation” preon and thus in total only six hy-
trum of the massless zero modes can be rather different. Thgerflavors of preond\y=6. This hypercolor interaction is

is the key point we will use below in the construction of assumed to be responsible for the formation of hypercolor-
composite models of quarks and leptons. less “baryons”

— A A (o3 C C
IIl. ONE-GENERATION COMPOSITE MODEL D1~P5)P5Ps)~10, D1~P i PP~ 10,

Let us considerN=1 supersymmetricG® SU(N = N~
gauge theory in 5D wher& |ps th)é gauged part E)f ):(;:me D2~P)Pe)P9~10, D2=PEPEPg~10
hyperflavor symmetryG,z, which includes all observed 6)
symmetries [color SU(3)c: and electroweak SU(2)y
®U(1l)y or grand unified symmetrySU(5), etc), and
SU(N)yc, which describes hypercolor interactions respon- O~P% Py ~5. Q~P P ~5
sible for the formation of hypercolorless bound states from (5)" (8) G (s >

preons. We assume that the preons and antipreons reside in M~ P% Pis~24+1, S~ PC—P(S)NL 7)
the 5D hypermultipletsP= (P,P®) and transform under the ® ©

hypercolor gauge grouSU(N)uc as its fundamentalR 4t the compositeness scale: [in Eq. (6) antisymmetrized
~N) and antifundamentalR°~N) representations, respec- products are meahtAll these bound states come out in vec-
tively. The preons should carry also the quantum numbergorlike SU(5) representations and they are in fact Me 1
related to the hyperflavor symmetry groGpe. The hyper- 4D superfields.

color gauge group U(N) ¢ has to be asymptotically free as  As in the previous section compactifying the extra dimen-
in the case of ordinary QCD. Otherwise, the theory will notsions on a circle of radiuR: (and assuming thaRc

be well defined as an interacting quantum field the@s-  >1/A.) we impose the Scherk-Schwarz boundary condi-
cause of the Landau pole problgmnd can be consistently tions to the preonic superfields) of type

treated only as a low energy limit of some other theory. Thus _ _

the asymptotic freedom of tHBU(N),,c restricts the number P 5(x™,x*+ 2R, 0) = €'27IP 5,(x™ x* &' "(9s+ ) g)

of the allowed hyperflavorbdl,e to be

and “mesons,”

Ps)(X™x*+27Rc, ) = £'275P 5)(x™,x* €' (45 d5) ),
2 =" @ Po(X™x*+27Rc, 0) =€'?7IP o (x™,x*,e' M9 ),

Now let us takeG the gauged part of the total hyperflavor  P(g(x™x*+2mRc,0)=e'?78P5(x™ x* 799 g),

symmetryGyg to be the minimal grand unified group, i.e., (8)
G=SU(5), sothat the preons transform under tB&J(5)
®SU(N)yc as where
Pes)~(5,N), 05t 05=0stds- (€)
. o The vector supermultiplets and the adjoint superfields are
P(g)~(5,N), periodic as in Eq92). Expanding the 5D preonic fields as in
Egs.(3) one can see that all fermionic preons are massive in
Prei~(1,N) 4D and thus the low energy preonic theory can be treated as

a consistent quantum theory since the gauge anomalies are
absent. Obviously supersymmetry is broken by the above

P%)~(1N), (5 boundary condition8). Specifying the boundary conditions
for the preonic fields one can easily obtain Reharges for
wherei=1, ... Ng. Therefore, the total number of flavors the composite state$) and (7) as

is Nye=5+Ng4. The SU(5) singlet preons(antipreons

Cl

P(9i(P(g) in Egs.(5) are indeed necessary in order to pro- D;~30s, Di~30s, D>~205+0qs, D>~20s5+(s,
duce the entire set of composite quark and leptons transform-

ing as 5+ 10 representations &U(5). We call them “gen- Q~0s+Qs, Q~0s+ds, M~Qs+Qs,

eration” preons. Thus the preons carry all “basic” quantum

numbers presently observed in quark-lepton phenomenology S~0gs+Qs. (10
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Since theR chargeq10) for the composite states differ from fied within theSU(5) gauge theory emerge at low energies
those of preong8), one can expect different spectram of in 4D from a simple and economical preon dynamics dis-
composite zero modes. Particularly we are looking for sucltussed above.

an assignment of preonk chargeg8) which lead to mass-

less composite fermions in 4D in ¢510) representation of IV. THREE-GENERATION COMPOSITE MODEL
SU(5) which are nothing but composite quarks and leptons.

Itis evident from Eqs(6)3nd(7) that we should identify the tion of composite quarks and leptons to the case of three

fermionic components o@ superfield with an antiquintet of - 4 mhosite generations by simply copying the above structure
SU(5) where the down-type antiquark and the lepton douspyice  resulting thus in a model with hypercolor group

blet reside. Th&sU(5) decuplet where the quark doublet, the SU(N);®SU(N),®SU(N)s. However, a more interesting
up-type antiquark, and the charged antilepton reside can tWay is based on treating tI&U(5)-singlet preons in Eqs5)
identified with the fermionic components of eitheg or D, 45 the carriers of quantum numbers associated with quark-
superfields. The fermionic zero modes@fandD; will be  lepton generations. Thus we will take three- “generation”
massless.if th&R charges(S) along with Eq.(9) satisfy also preons (antipreony p(s)i(p%))(i =12,3) and the global
the following equations: SU(3)p,, symmetry of the 5D preonic Lagrangian will be

g5+ Qs interpreted as a “hori_zontal” hyperflavor symmelﬂ;l_J(B)h
G5+ 0s=—5 (11)  for quark-lepton familiegsee below. Therefore we will also
require this symmetry to survive upon the Scherk-Schwarz
compactification; that is to say, tHe charges for all three
g5+ Js (12) “generation” preons are the same. Now altogether there are
2 Npr=8 hyperflavors of preons and thus as a result of the
asymptotic freedom constrairit) the minimal hypercolor
In solving Egs.(9), (11), and(12), one has to remember that group isSU(4),c . While by following the arguments used
due to periodicity theR chargesy are defined up to an arbi- in the previous section such a composite model leading to
trary integer numbegg=qg+k, ke Z. To ensure that only the three quark-lepton generations can easily be constructed, it
desired set of fermionic zero modes are massless in 4D wseems still more interesting to take tB&J(5),c as the hy-
restrict generalJ(1)-twisted boundary conditions to some percolor group. Apart from the possibility to treat all massles
discrete Zx ones. It is easy to verify then that arly composites in the same way as the pure baryonic composites
+#2,3,4,6,9,12 will provide the desired solutions of E@, this case may be of special interest as the case suggesting

One can easily extend the above model with one genera-

305=

(11, and(12): some starting extra hypercolor-hyperflavor symmetry
(HC+~HF) in 5D. The composite “baryons” and “mesons”
5 1 2 4 are then
b= B G~ Ui (13

D1~P5)P(5)P(5)Ps)Ps~(10,3),
The minimal choice iZs-twisted boundary conditions with

[ Cc [ [ Cc
R chargesgs=0, gs=$, ds=, andgs=—3 so that only D1~P5PEPEPePe~(10.3,
one generation of composite quarks and leptons is massless
in 4D at low energies. All extra composite states are massive D>~P(5)P(5)Ps)P(s)P(s~ (10,1,
with masses of the order of R4 . _ e e e e o
If one identifies the quark-lepton decuplet®B(5) with D~P5PEPeP P~ (10.1),
fermionic components of thB, superfield, then one has to . o
;jig:]ermlne thé&k charges from Eq€9) and(11) and the equa- Q~P5P5)Ps)P 5P~ (5.3)
C pC¢ pCt pC pC ~
G+ Q=PEPePEPE e~ (5:3)
205+ Q5= , (14
°2 S~P)PPeE)Pe)PeE~ (1D,
which appears instead of E(L2). Any Zy-twisted boundary S~ P5P&EPEPEPE ™~ (LD, (16)
conditions withK #2,3,4,6,9,12 and
and
2 4 7
= — — = — — = — = — — _I Ci ~_ ! C7~ ”
0=~ B=" G~ G~ (19 Q'~PP9~(53), Q'~P)Pi5~(5,3),
M~PsPi~(24+1,1), |1~P5Pg~(1,8+1),
will lead to the desired solutions. The minimal possibility is GO ) CHCA )(17)

againZs but now with the followingR charges:gs= — 2,
Os5=%, 0s= &, andgs= — £. Itis quite intriguing that just the respectively, transforming undesU(5)® SU(3),, as indi-
composite quarks and leptofwithout any extra stat¢sini-  cated in bracketdantisymmetrization of allSU(5) and
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SU(3);, indices are implied in Eqg16)]. One can see that be once again provided h¥s-twisted boundary conditions
the SU(5) decupletsantidecupletsin Egs.(16) being the  but now with the followingR charges:
triplets (antitriplet9 and singlets of the global family sym-

metry SU(3),, are pure baryonic composites. As to the 1 1

SU(5) antiquintets(quintet3 being triplets(antitriplety of 95=0s=5. 9s=3» Us=0.
the SU(3),, they appear as both baryonit6) and mesonic

(17) composites. Also some other states singlets and adjointemarkably only three generations of composite quarks and
of SU(5) and SU(3), appear in the composite spectrum |eptons emerge as massless states while all other composites
(16),(17). Now, as soon as the fermionic zero modes pro-are massive, thus decoupling from the low energy particle
posed for theD ; supermultiplet in Eqs16) are massless one spectrum.

has to ensure that either the zero modes of fermionic com-

ponents of the baryonic antiquin®@tin Egs.(16) or mesonic V. DISCUSSION AND CONCLUSION
antiquintetQ’ in Egs.(17) (but not of both are also massless ) . .
in order for the low energy composite model to be anomaly, SOMe questions concerning the dynamics of the compos-
free, thus giving unique assignment of massless compositétée models discussed above should certainly be elaborated

. — further. The major ones are the following. How, are the
to the representation (5103) Of. theSQ(S)@SU(S)h. Re- U(5) and subsequently the electroweak symmetries bro-
markably one can come to this basic consequence even |

one starts with an arbitrary number of generation preons en? How are the masses for composite guarks and leptons
y 9 P generated? Can one naturally explain the hierarchies of

ci . . K
P (P(E)_) (i=12,... Ng). Since aCCOfd'nq to the above asses and mixings of composite quarks and leptons? Here
construction(16),(17) the number of composit8 U(5) de-  we will briefly outline some possible scenarios one can think
cuplets is given byNg(Ng—1)/2 while the composite an- of.
tiquintets by the numbeN, by itself (whether they are the One can indeed use tH@U(5)-adjoint superfieldD to
baryonic or meson composifesne is unavoidably led to the preak SU(5) symmetry down to theSU(3)c® SU(2)w

(22

SU(5) anomaly cancellation condition of the type ®U(1)y standard model gauge group . In the supersymmet-
ric uncompactified limit there are degenerate flat vacuum di-
Ng(Ng—1) =N, (18) rections for the scalar component®f Among these vacua
2 g one can certainly find the&sU(5) breaking andSU(3)c

®SU(2)w®U(1)y invariant one. In such a vacuum the pre-
ons will acquireSU(5) noninvariant masses but this will not
affect their subsequent dynamics resulting in the formation
. . C of composite states. The degeneracy of vacuum states of
bal family symmetrySU(3), automatically appearing in the o, 56 js removed when one takes into account supersymme-
composite spectrum. . . . try breaking effects due to Scherk-Schwarz compactification.
Prpceedmg as n the previous section one can easﬂy dPﬂlternatively one can breaBU(5) symmetry through the
termine the desire&® charges. .If we identify the composite condensation of the scalar components of composite mesonic
quarks and leptons Wlthlermlonlc zero modes of the bary-Superfield M, Egs. (7),(17). Similarly, to break SU(2)y,
onic compositesD; and Q in Egs. (16), then preonicR g (1), electroweak symmetry one can use the doutzet
charges along with Eq9) must satisfy the following equa- tigouble) components of composite quintetantiquintets.

from which it immediately follows thalNy=3. Thus the
above model actually predicts three full generations of com
posite quarks and leptons being the triplets of the chiral glo

tions: Since the supersymmetry is broken, one inevitably faces the
- gauge hierarchy problem which can be resolved by fine-
— _ 957 0s tuning as in the usual nonsupersymmetric grand unified theo-
305+ 205 , (19 ) : JoH
2 ries (GUTS). Alternatively one could imagine that the solu-

tion to the gauge hierarchy problem appears due to the strong

A0t O Ost0s (20) renormalization of the electroweak Higgs boson mass which

957 Qs 2 is driven to an infrared stable fixed point of the order of

electroweak scale while being of the order of the GUT scale
The desired solutions are provided By-twisted boundary  at higher energiegl4]. The relatively large extra dimensions
conditions(which is the minimal onewith R charges defined play a crucial role in this scenario by inducing fagbwer-
as law) evolution of gauge and Yukawa couplings.
The same mechanism could explain the observed hierar-
(21) chies of quark-lepton masses and mixings along the lines
discussed i15]. These scenarios can be actually operative
. in the case of composite quarks and leptons as well. How-
In the case when the composB&J(5) decuplets are iden- ever, following a more traditional way, one can think that the
tified with fermionic zero modes of the baryonic ComDOSitehierarchy of quark-|epton masses and mixings is related to
D;, Eqgs.(16), while the composite antiquintet with the me- spontaneous breaking of the global chial(3),, horizontal
sonic composite)’, Egs.(17), one should replace E¢20) symmetry appearing in our model together with the three
by Eq.(11). It is easy to verify that the minimal solution will quark-lepton generations predicted. This is as far as one can

___1 _ 1 _1
QS_Q5_€! QE——g, qs—g-

095013-5



CHAICHIAN, CHKAREULI, AND KOBAKHIDZE PHYSICAL REVIEW D 66, 095013 (2002

presently think of the main benefit of the above considerdier attempts see, e.d.18]). It is certainly interesting to in-
ation. Actually the chiral horizontal symmeti$U(3), is  vestigate the dynamical emergence of gauge symmetries
known [16] to work successfully in both the quark and lep- themselves with the composite gauge bosons within the ap-
ton sectors and can readily be extended to composite quarkgoach undertaken in this paper. And finally from a more
and leptons as well. It would be interesting to gauge thiSundamental point of view it could be illuminating to study
symmetry within the preon model. However, a straightfor-string theories where string excitations are identified with
ward gauging of the chiral horizontal symmetry typically preons rather than physical quarks and leptéoisan earlier
leads to SU(3)y, triangle anomalies in the effective 4D gjiscussion sefl19]).

theory. One way to overcome this_ problem is to introduce T conclude we have proposed a new approach towards
some extra massless states which properly cancel theggark and lepton compositeness within higher dimensional
anomalies in a traditional way. Another and perhaps a morgnjfied theories where thanks to a proper Scherk-Schwarz
interesting possibility is to cancel 4D anomalies by thecompactification the composite quarks and leptons turn out
Callan-Harvey anomaly inflow mechanisfd7] assuming to he massless in four dimensions while all unwanted states
the presence of a 4D hypersurfa@dbrane in the 5D bulk  (residing in the bulk are massive. The prototype models
space-time where the composite quarks and leptons are lgtiscussed here are rather simple and economical so that we
calized. think this approach will help to construct largely realistic

_From a purely phenomenological point of view it is cer- composite models of quarks and leptons in the not too distant
tainly interesting to study whether the compositeness scale ggtyre.

well as the compactification one can be lowered down to
energies accessible for the future high energy colliders. Of
course these and related issues deserve a more detailed in-
vestigation.

It would be also interesting to study various extensions of This work was supported by the Academy of Finland un-
the simple models presented here. One can consider differeder the Project No. 54023. One of (kL.C) would like to
gauge groups and more extra dimensions as well. Particiacknowledge the warm hospitality during his visit to the
larly one can study the possibility to unify ttf®U(5) sym-  High Energy Physics Divison Department of Physical Sci-
metry with the gauged horizont&lU(3),, and/or hypercolor ences University of Helsinki where part of this work was
SU(N)yc symmetries within a single gauge gro(fpr ear-  done.

ACKNOWLEDGMENTS

[1] Particle Data Group, D. Groorat al, Eur. Phys. J. C15, 1 (2001); A.B. Kobakhidze, ibid. 514 131 (2002);
(2000. hep-ph/0108049; L. Hall and Y. Nomura, Phys. Rev.6B
[2] Recent Developments in Gauge Theqriésoceedings of the 055003 (2001); Z. Berezhiani, I. Gogoladze, and A. Koba-
NATO Advanced Study Institute, Series B: Physics, edited by khidze, Phys. Lett. B522 107 (2001); T. Kawamoto and Y.

G. 't Hooft et al. (Plenum, New York, 1980 Kawamura, hep-ph/0106163; A. Hebecker, and J. March-
[3] For a review and references of earlier works see, e.g., L. Ly- Russell, hep-ph/0107004; R. Barbieri, L.J. Hall, and Y. No-
ons, Prog. Part. Nucl. Phy&0, 227 (1983. mura, Nucl. PhysB625 128(2002; J.A. Bagger, F. Feruglio,

[4] For earlier supersymmetric composite models see the review in  and F. Zwirner, Phys. Rev. Let88, 101601(2002; T. Li,
R.R. Volkas and G.C. Joshi, Phys. Rdj9, 303 (1988, and Phys. Lett. B520, 377 (2001); Nucl. Phys.B629, (200); L.J.
references therein. Hall, H. Murayama, and Y. Nomura, hep-th/0107245; N. Maru,

[5] M.J. Strassler, Phys. Lett. 876, 119(1996; A.E. Nelson and
M.J. Strassler, Phys. Rev. B6, 4226(1997); M.A. Luty and
R.N. Mohapatra, Phys. Lett. B96, 161 (1997).

[6] N. Seiberg, Phys. Rev. B9, 6857(1994; Nucl. Phys.B435

129 (1995; for a review see K. Intriligator and N. Seiberg,

Nucl. Phys. B(Proc. Supp). 45BC, 1 (1996.

[7] J. Scherk and J.H. Schwarz, Phys. L8&B, 60 (1979.

[8] I. Antoniadis, Phys. Lett. 46, 377 (1990; A. Pomarol and
M. Quiros, ibid. 438 255 (1998; I. Antoniadis, S. Dimopou-
los, A. Pomarol, and M. Quisy Nucl. PhysB544, 503(1999;
R. Barbieri, L.J. Hall, and Y. Nomura, Phys. Rev. &3,
105007(2001).

Phys. Lett. B522 117 (200J); T. Asaka, W. Buchmuller, and
L. Covi, ibid. 523 199 (2001); L. Hall, Y. Nomura, T. Okui,
and D. Smith, Phys. Rev. b5, 035008(2002.

[11] C. Csaki, G.D. Kribs, and J. Terning, Phys. Rev6® 015004

(2002; H.-C. Cheng, K.T. Matchev, and J. Wang, Phys. Lett. B
52, 308(2001).

[12] R.N. Mohapatra and A. Pez-Lorenzana, Phys. Lett. B6S,

195 (1999; D. Chang and R.N. Mohapatra, Phys. Rev. Lett.
87, 211601(2009).

[13] N. Arkani-Hamed, T. Gregoire, and J. Wacker, J. High Energy

Phys.03, 055(2002; D. Marti and A. Pomarol, Phys. Rev. D
64, 105025(2001).

[9] G. Dvali and M. Shifman, Nucl. Phy®504, 127 (1997; M.
Chaichian, A.B. Kobakhidze, and M. Tsulaia, Phys. Lett. B
505, 222 (2001).

[10] Y. Kawamura, Prog. Theor. Phy&03 613 (2000; 105 691
(200D; G. Altarelli and F. Feruglio, Phys. Lett. B11, 257

[14] M. Chaichian and A.B. Kobakhidze, Phys. Lett. 4888 299
(2000; A.B. Kobakhidze, hep-th/0012191.

[15] K.R. Dienes, E. Dudas, and T. Gherghetta, Phys. Le#t3B
55 (1998; Nucl. Phys.B537, 47 (1999; S.A. Abel and S.F.
King, Phys. Rev. D59, 095010 (1999; A.B. Kobakhidze,

095013-6



COMPOSITE QUARKS AND LEPTONS IN HIGHR . .. PHYSICAL REVIEW D 66, 095013 (2002

Phys. At. Nucl.64, 941 (2001); M. Bando, T. Kobayashi, T. [17] C.G. Callan and J.A. Harvey, Nucl. PhyB250, 427 (1985.

Noguchi, and K. Yoshioka, Phys. Lett. 880, 187 (2000. [18] J.L. Chkareuli, JETP Lett32, 671 (1980; 36, 493 (1983; I.

[16] J.L. Chkareuli, JETP LetB82, 671(1980; Z.G. Berezhiani and Montvay, Phys. Lett.95B, 227 (1980; J.E. Kim and H.S.
J.L. Chkareuli, Yad. Fiz37, 1043(1983; F. Wilczek, Report Song, Phys. Rev. 23, 2102 (1981); M. Chaichian, Yu. N.
No. NSF-ITP-83-08, 1983; Z.G. Berezhiani, Phys. L&#9B, Kolmakov, and N.F. Nelipa, Report No. HU-TFT-82-15, 1982;
99 (1983; J.C. Wu, Phys. Rev. 36, 1514 (1987; Z. Be- Z. Phys. C43, 381(1989.
rezhiani, Phys. Lett. Bt17, 287 (1998; J.L. Chkareuli, C.D. [19] J.C. Pati, M. Cvetic, and H.S. Sharatchandra, Phys. Rev. Lett.
Froggatt, and H.B. Nielse(in preparatioin 58, 851(1987.

095013-7



